Spherical indentation problems of ceramic coatings/metallic inter-layer/ductile substrate were investigated numerically by axisymmetric finite element analysis (FEA) for two typical ceramic coatings with relatively high and low elastic modulus deposited on aluminum alloy and carbon steel. Various indenter radius-coating thickness ratios and interlayer thickness-coating thickness ratios were used in the modeling. Radial stress distribution and plastic damage zones evolution were discussed in connection with model parameters. The results showed that the suitable metallic interlayer could improve resistance of ceramic coating systems through reducing the peak tensile radial stress on the surface and interface of ceramic coatings and plastic damage zone size in the substrate under spherical indentation.
INTRODUCTION
Introduction of inter-layers is widely applied in such ceramic coating structures to improving the bond strength of the coating systems, and reducing the thermal and mechanical properties mismatch between ceramic outer layers and ductile substrates. Metallic inter-layers can be a pure metal (e.g. Ni, Cr, Ti, etc) [1, 2] or an alloy type such as TiAl, NiAl, NiCr, NiCrAl, NiCrAlY, NiCoCrAlY, etc [1] [2] [3] 4] . Stress and deformation fields of coatings, plastic deformation in the substrates and other related information were investigated by FEA for very few typical combinations of ceramics coatings and substrates under spherical indentation [5] [6] [7] [8] [9] [10] .
The present work is aimed at evaluating the effects of ductile metallic inter-layers on plastic deformation damage growth in the substrate and radial stress distribution along the surface and interface of ceramic coatings during spherical indentation. Spherical indentation problems of ceramic coatings/metallic inter-layer/ductile substrate are investigated numerically by an axisymmetric FEA for two typical ceramic coatings with relatively high and low elastic modulus deposited on aluminum alloy and carbon steel. Various indenter radiuscoating thickness ratios and interlayer thickness-coating thickness ratios were used in the modeling. Radial stress distribution, plastic damage zone evolution are discussed in connection with model parameters.
THE COMPUTATIONAL MODEL
Under spherical indentation, hard brittle ceramic coatings are assumed to behavior elastically. Metallic inter-layers and substrates can undergo plastic deformation with increasing indentation load according to Von Mises criterion.
The spherical indentation of the coating/substrate was carried out by using the axisymmetric capacities of the MARC/MSC finite element code. r p /t R/t=60, t*=0 R/t=60, t*=1/2 R/t=30, t*=0 R/t=30, t*=1/2 R/t=120/7, t*=0 R/t=120/7, t*=1/2 Fig. 1 Normalized substrate plastic zone size (r p /t) versus normalized indentation load P*. (t: coating thickness, t*: interlayer thickness-top coating thickness ratio, r p : plastic zone size, R: indenter radius, E f : Elastic modulus of the coating) Plastic damage in substrates occurs when indentation loads reach certain values. For thin coatings, interlayer has a slight effect for protecting substrate from this type of failure. For thick coatings, inter-layer reduces effectively plastic damage. Even a thin interlayer can delay the failure under this form. Large elastic modulus between ceramic layers and substrate cause severe plastic damage in the substrate (Fig. 1) . R/t=30 R/t=60 R/t=120/7 R/t=120 Fig. 3 Ratio between the peak tensile stress on the surface and the peak tensile stress on the interface of ceramic coating with different indenter radius-coating thickness ratio (R/t).
RESULTS AND DISCUSSION
For low indentation loads, the influence of inter-layers on the contact behavior of coating systems vanishes. A slight difference in stresses and plastic damage of substrate was found for coating system with and without inter-layer. For higher indentation loads, inter-layer can reduce the peak tensile stresses on the surface and interface of ceramic coatings (Fig.  2) . The ratio between peak tensile stress on the surface and on the interface of ceramic coatings is strictly related to indenter radius coating thickness ratio. This ratio between peak tensile stresses exceeds 1 for thin films (corresponding to large indenter radius-coating thickness ratio). In fracture toughness tests by spherical indentation, for which only ring cracks are expected to occur, the radius of the indenter should be well chosen to have the state with the peak tensile stress on the surface being higher than that in the interface (Fig. 3) .
